The Clostridium thermocellum ceN gene, coding for endoglucanase I (CelI), consists of an open reading frame (OW) of 2640 nucleotides and codes for a protein of M, 98531. The ORF was confirmed as ceN by comparing the N-terminal sequence of purified recombinant CelI with that deduced from the nucleotide sequence. CelI hydrolysed lichenan and carboxymethylcellulose, but was principally active against barley Fglucan. It exhibited significant sequence identity with subfamily E, endoglucanases, and by analogy with others in this group contains a catalytic domain of around 500 residues located in the N-terminal half of the protein. The C-terminal region of CelI was highly homologous with the cellulose-binding domain of the non-catalytic cellulosome subunit, S1.
Introduction
Cellulase activity of the anaerobic thermophile Clostridium thermocellum is contained in a large extracellular aggregate (the cellulosome) which binds tightly to cellulose and in the early stages of culture on cellulose mediates the attachment of cells to the substrate (Lamed & Bayer, 1988) . Large cellulosome clusters have been observed in certain strains (Mayer et al., 1987) , but the basic subunit in strain YS is a 2-1 MDa complex composed of at least 14 polypeptides ranging in size from 48 kDa to 210 kDa (Lamed & Bayer, 1988) ; cellulosomes composed of as many as 50 polypeptides, many of which are glycosylated, have been described in other strains (Mayer et al., 1987; Kohring et al., 1990 ).
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Multiple isomeric forms of endoglucanase (some with xylanase activity) and xylanases account for nearly all of the cellulosome components of C. thermocellum (Lamed & Bayer, 1988; Kohring et al., 1990; Morag et al., 1990) . Although several authors have presented evidence for exoglucanase-type activity, an enzyme analogous to the cellobiohydrolase of aerobic fungi has only recently been definitively identified as a component of the cellulosome (Morag et al., 1991) .
Within the past decade biochemical analysis of the C. thermocellum cellulase system has been augmented by studies employing rDNA methodologies. A large number of Escherichia coli clones expressing C. thermocellum cellulase and xylanase genes have been described ; these include at least 15 different endoglucanase genes, two xylanase genes and two P-glucosidase genes (Romaniec et al., 1987; Hazlewood et al., 1988) . Complete nucleotide sequences have been determined for celA (BCguin et al., 1985) , celB (Grkpinet & BCguin, 1986) , celC (Schwarz et al., 1988) , celD (Joliff et al., 1986) , celE (Hall et al., 1988) , celF (Navarro et al., 1991) , celH (Yague et al., 1990), 0001-7849 0 1993 SGM bglB (Grabnitz et al., 1989) and xynZ (GrCpinet et al., 1988) .
Based on hydrophobic cluster analysis, the catalytic domains of the C. thermocellum endoglucanases and xylanase have been assigned to four of the six cellulase families initially defined by Henrissat et al. (1989) . The majority of the endoglucanases (B, C, E and H) belong to family A, while CelD and CelF have been ascribed to family E and CelA and XynZ to families D and F respectively (BCguin, 1990) .
Comparisons of the translated sequences of cloned cel and xyn genes revealed a conserved region containing a duplicated segment of approximately 24 amino acids separated by 8 to 15 residues. This region was present in XynZ (GrCpinet et al., 1988) and in all of the endoglucanases except CelC, and was located at the C-terminus, except in CelE and XynZ, where it was positioned towards the centre of the protein. The conserved domain was not required for the catalytic activity of CelE (Hall et al., 1988) , CelD (Chauvaux et al., 1990) or XynZ (GrCpinet et al., 1988) . Nor was it part of the cellulose-binding domain located at the C-terminus of CelE (Durrant et al., 1991) . The likelihood that the conserved domain interacts with a common determinant on a template protein during assembly of the cellulosome is supported by recent binding studies (Tokatlidis et al., 1991) and by the observation that CelC, which lacks the domain, is not part of the cellulosome, while CelD, CelE . and XynZ, which carry the duplicated segment, are known to be associated with the cellulosome (BCguin, 1990) .
In this paper, we present the primary sequence of the celI gene and its encoded protein CelI, a family E endoglucanase from C. thermocellum. We have purified a truncated but catalytically active form of CelI from E. coli cultures and have determined some of its properties. In addition, we have shown that antiserum against purified recombinant CelI cross-reacts with proteins contained in the extracellular cellulase complex produced by two different strains of C. thermocellum.
Methods
Strains andplasmids. The bacteria used in this study were Clostridiicm thermocellum NCIB 10682, Escherichia coli JM83 [F-ara A(1ac-proAB) rpsL $80 lacZAMIS] and recombinants of Escherichia coli HBlOl [FhsdS20(r; mi) recAI3 leuB6 ara-I4 proA2 lacy1 g a l a rpsL20(Strr) xyl-5 mtl-1 supE44 A-] containing C . thermocellum genomic DNA cloned in pBR322 (Romaniec et al., 1987) . The vectors used were pUC18 and pUC19 (Norrander et al., 1983) .
Culture conditions. C. thermocellum was cultured anaerobically at 60 "C in medium containing cellulose powder (MN300; Machery Nagel) as source of fermentable carbon, as described by Hazlewood et al. (1990a) . E. coli was cultured at 37 "C in Luria broth (LB). Filtersterilized ampicillin (1 00 pg ml-') was added as required.
Preparation of cellulosome fraction. A cellulosome fraction was prepared from C. thermocellum culture supernatant using the affinity method described by Morag et al. (1992) . High-M, cellulase complex contained in the supernatant was selectively bound to acid-swollen cellulose at 4 "C and was released after digestion of the cellulose at 50 "C. Cellulosomes prepared by this method have the same composition as those purified by adsorption to crystalline cellulose and subsequent desorption, but are obtained in much higher yield. Total cellulase activity and a second cellulosome preparation were obtained as described previously (Hazlewood et al., 1990a) . Cellulosome from C . thermocellum strain YS was the kind gift of Dr E. Morag (Tel Aviv University, Israel).
Fractionation of E. coli. Total cell-free extract and periplasmic and cytoplasmic fractions were prepared as described by Hazlewood et al. (1990a) .
Preparation of antiserum and immunological detection of endoglucanase I. Antiserum against purified recombinant CelI was raised in New Zealand White rabbits (Hazlewood et a/., 1990~). Proteins contained in C . thermocellum total cellulase or cellulosome preparations were fractionated by SDS-PAGE (Laemmli, 1970) , and electrophoretically transferred to Immobilon membrane (Millipore) (Towbin et al., 1979) . CelI was detected on Western blots using enhanced chemiluminescence (ECL ; Amersham).
Assays. Cellulase-related enzyme activities were assayed at 60 "C in PC buffer (50 mM-K,HPO,, 12 mM-citric acid, pH 6.5) as described by Hazlewood et al. (1990b) . Protein was measured by dye-binding (Sedmak & Grossberg, 1977) or by the Lowry method, with bovine serum albumin as standard. For determining substrate specificity, the source of enzyme was cell-free extract from E. coli JM83 harbouring pKH9.
Purgcation of endoglucanase I. Recombinant CelI was purified from cell-free extract of E. coli JM83 harbouring pKH9. Cells cultured for 16 h at 37 "C in 3 litres of LB containing ampicillin (100 pg ml-') were collected and resuspended in 50 mM-Tris/HCl, pH 8 (100 ml). Cell-free extract was prepared by sonicating the cell suspension on ice. Streptomycin sulphate (1 ml of a 10 %, w/v, solution per g protein) was added and the precipitate which formed during 1 h of mixing at 4 "C was removed by centrifuging (1 2 000 g ; 4 "C ; 1 5 min). The supernatant fraction was heated at 60 "C for 10 min and heat-denatured protein was removed by centrifuging (15 000 g; 4 "C; 15 min) and by filtering (Whatman, GF-D). Endoglucanase activity was precipitated by the addition of ammonium sulphate (60 % saturation) and was recovered by centrifuging before being dissolved in the minimum volume of 10 mM-phosphate buffer, pH 6.6, and dialysed against three changes of the same buffer. After mixing with an equal volume of 1 M-phosphate buffer, pH 6.6, the dialysed material was applied to a Phenyl-Sepharose column (2.6 cm x 12-0 cm) and was eluted in the final fractions of a linear gradient from 500 mM-phosphate, pH 6.6, to glass-distilled water (Chauvaux et al., 1990) . Active fractions were pooled and dialysed against 20 mM-Tris/HCl, pH 8, and CelI was further purified by anionexchange chromatography on DEAE-Trisacryl M as described by Hazlewood et al. (1 990 b) . Electrophoretically pure CelI was eluted between 150 mM-and 175 mM-NaC1 and was dialysed against 10 mMTris/HCl, pH 8, and concentrated by vacuum evaporation.
Sequencing of Cell. The N-terminal amino acids of recombinant CelI were determined by automated Edman sequencing using a 470A gasphase sequenator equipped with a 120A on-line PTH analyser (Applied Biosystems) (Hunkapillar et al., 1983) . DNA sequencing. The major part of cell and a second upstream gene were contained in the Sau3A fragment cloned into pRV1.6 ( Fig. 2 ; Romaniec et al., 1987) . The 3' extremity of cell was carried by a second overlapping Sau3A genomic fragment of 3.5 kb which was also cloned in pBR322 ( Fig. 2; pKG2 ). To construct full-length cell, the 5.3 kb Sd/EcoRI fragment from pRV1.6 was ligated into pUC19 to generate pKG1. After digesting pKGl with EcoRI and Sad, the large fragment containing the vector, the N-terminal half of cell and the upstream gene was purified by electroelution from an agarose gel. The 1.5 kb EcoRI/SacI fragment from pKG2, which contained the C-terminal half of cell, was similarly purified and ligated into the large fragment described above to produce full-length cellcloned into pUC19 ( Fig. 2 ; pKG3). The nucleotide sequence of the cloned fragment was deterSa mined for both strands using the dideoxy chain-termination method of Sanger et al. (1977) . Our method for sequencing double-stranded plasmid DNA was based on the protocol recommended for use with the Sequenase DNA sequencing kit (USB), with certain modifications. Plasmid DNA was prepared by the method of Birnboim & Doly (1 979), and after denaturation by treatment with alkali was neutralized and further purified by spin-dialysis (Murphy & Kavanagh, 1988) . Overlapping sequences were generated using oligonucleotide primers (17-mers) synthesized on an automated DNA synthesizer (Biosearch 8700 DNA synthesizer; New Brunswick Scientific). Sequences were compiled and ordered using software written by the Genetics Computer Group at the University of Wisconsin.
Bal31 deletions. Deletion of the C. thermocellum insert 5' of the cell gene was accomplished by linearizing pKGl with Son and digesting with Ba131 (Hall & Gilbert, 1988) . Blunt ends were produced by incubating with T4 DNA polymerase and the truncated insert, excised by digesting with EcoRI, was ligated into pUC18 which had been cleaved with SmaI and EcoRI. The 3' end of cell was deleted by linearizing pKGl with EcoRI before digesting with Ba131 and filling in with T4 DNA polymerase. The deleted fragment was excised with Sun and was ligated into pUC19 previously digested with Sun and SmaI.
General recombinant DNA procedures. Plasmid DNA was prepared on a large scale from E. coli by alkaline lysis followed by caesium chloride density-gradient centrifugation. The method of Birnboim & Doly (1979) was used for small-scale extraction and rapid screening of plasmid-containing clones. Restriction enzymes and other DNAmodifying enzymes were used under the conditions specified by individual suppliers. DNA fragments were fractionated by electrophoresis in 0.8 % (w/v) agarose gels.
Southern blot hybridization. Hybridization of the insert cloned in pRVl.6 with C. thermocellum genomic DNA was assessed as described by Romaniec et al. (1987) . Probe DNA (25 to 50 ng) was denatured by boiling and labelled by incubating at 37 "C with [32P]dCTP in the presence of Klenow fragment (20 U m1-I) and random hexamer (Sambrook et al., 1989) . Restriction enzyme sites are as follows: H, HindIII; P, PstI, Pv, PvuII; R, EcoRI; S, Sun; Sa, S a d ; Sn, SnaBI; Sp, SphI. The large arrow indicates the direction of transcription of ORF2. Ba131 digestion of the SalI/EcaRI insert cloned in pKGl resulted in fragments which were ligated into pUC18 or pUC19, as described in Methods, to produce pKH9, pKHlO and pKHl1. The CMCase phenotype of E. coli JM83 harbouring the respective plasmids is shown. Recombinant E. coli HBlOl harbouring pKG2 was isolated from a genomic library constructed in pBR322 by using a radiolabelled probe consisting of the Sau3A fragment between map positions 3662 and 4605 of pKGl .
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Results
Nucleotide sequence of C. thermocellum DNA cloned in p R VI .6
Previous work (Romaniec et al., 1987) showed that C. thermocellum DNA cloned in pRVl.6 encoded a functional endoglucanase, here designated CelI. In the course of the present study it became apparent that the celZ gene was incomplete and a second overlapping Sau3A fragment containing the 3' extremity of the gene was isolated. Full-length celI was reconstituted by ligating the two genomic fragments ( Fig. 2; pKG3) . To confirm that the cloned copy of celZ is the same as cell contained in the C. thermocellum genome, and does not result from spurious ligation, 32P-labelled pRVl.6 was used to probe C. thermocellum genomic DNA. The pattern of hybridization ( Fig. 1) was consistent with the proposed physical map of cell.
C. thermocellum DNA cloned in pKG3 and coding for CelI was sequenced in both strands. Translation of the nucleo tide sequence revealed two open reading frames (ORFs). ORFl (map positions 189 to 1859, Fig. 2 ) consisted of 1671 nucleotides (nt) coding for a polypeptide of 556 amino acids with a deduced Mr of 61042 and terminating in a TAG stop codon; the putative translational start was preceded (9 nt) by the sequence GAGG, which shows some similarity to the ribosomebinding sequence most frequently observed in C . thermocellum cloned cel and xyn genes (AGGAGGA). The 3' flanking sequence contained a 10 nt palindrome with the potential to form a stem-loop structure characteristic of factor-independent transcription termination. ORF2 (map positions 2106 to 4745, Fig. 2 ) comprised 2640 nt coding €or a polypeptide of 879 amino acids with a deduced Mr of 98 53 1. It was also terminated by a TAG stop codon and the proposed translational start was preceded (4nt) by the sequence AGGAGG, which is complementary to the 3'-terminus of 16s rRNA from Gram-positive bacteria (McLaughlin et al., 198 1) .
Within the 243 nt separating ORF2 from ORF1, the A + T content was 74.5 mol YO ; immediately upstream of ORFl, the A + T content was 61.4 mol YO.
IdentiJcation of the cell gene
Plasmid pKGl , containing the SalII/EcoRI fragment from pRV1.6 ligated into pUC19, directed the synthesis of a functional endoglucanase in E. coli JM83. This suggested that the last 140 nt of ORF2 were not required for expression of CelI activity. To determine how much more of the insert could be deleted without affecting activity and to establish which of the two ORFs coded for CelI, pKGl was linearized with SalI and digested with Bal3 1 to remove progressively larger amounts of ORF1; the truncated fragment, ligated into pUC19, was then transformed into E. coli JM83. The most extensive deletion carried out removed almost 70% of ORFl without resulting in loss of carboxymethylcellulase (CMCase) activity ( Fig. 2 ; pKH9) . Similarly, the removal of 1000 nt from the 3' end of ORF2 with Ba131 ( Fig. 2 ; pKH10) left CMCase activity unaffected, but the deletion of 1142 nt from the 3' end of ORF2 resulted in the complete loss of CMCase activity. These results suggest that CelI is encoded by ORF2 and furthermore that the catalytic region of the enzyme is located within the first 550 residues of this 879 residue polypeptide. Further evidence that ORF2 is celI was obtained by purifying recombinant CelI from a cell-free extract of E. coli JM83 harbouring pKH9. Twelve of the first 14 experimentally determined N-terminal residues of recombinant CelI were identical to the deduced sequence between residues 56 and 69 of the polypeptide encoded by ORF2.
Characteristics of Cell
The deduced amino acid sequence of CelI is shown in Fig. 3 . Codon usage was similar to that described for xynZ and for each of the sequenced cel genes of C. thermocellum, with a slight bias towards A or T in the wobble position reflecting the relatively low G + C content of the genomic DNA. With the exception of CelC (Schwarz et al., 1988) , the secreted endoglucanases of C. thermocellum contain putative signal peptides. At first glance, the same would appear to be true for CelI; the N-terminus of the deduced protein contains positively charged basic residues preceding a core of 18 residues of which 16 are hydrophobic. Beyond this point, however, the similarity with signal sequences of secreted prokaryotic proteins is less evident and there is no obvious signal peptide cleavage site which conforms with accepted criteria (Von Heijne, 1988) . Since only Ala, Gly or Ser residues appear to be tolerated in the -1 position of bacterial signal peptides, the experimentally determined N-terminus of mature CelI synthesized by E. coli, beginning at residue 56 of the translated sequence, is more likely to indicate aberrant processing than a natural cleavage site. Certainly, a functional signal peptide was not recognized by E. coli harbouring cell since endoglucanase activity remained in the cytoplasm exclusively and was not transported to the periplasm (data not shown). The highly conserved region consisting of duplicated segments of approximately 24 amino acids which has to date been found in XynZ and in each of the C . thermocellum endoglucanases except for CelC was absent from CelI. Furthermore, extended sequences rich in hydroxy amino acids and proline, which occur commonly in cellulase-related proteins, dividing the enzymes into discrete structural and functional domains, were not really apparent in CelI.
Homology with other cellulases
Comparison of the amino acid sequence of CelI with those of other cellulases revealed that CelI belongs to cellulase family E as defined by Henrissat et al. (1989) . Extensive homology (Table 1) between CelI and CelF from C . thermocellum (Navarro et al., 1991) and between CelI and two other cellulases [CenB from Cellulomonas fimi (Meinke et al., 1991) and CelZ from Clostridium stercorarium (Jauris et al., 1990) ], which were recently shown to be very similar to CelF (Navarro et al., 1991) , indicates that CelI is a subfamily E, endoglucanase. Identity with the subfamily E, endoglucanases amounted to only 20 to 25% (Table 1) . Comparison of the region of CelI between residues 71 and 574 with the sequences of CelF, CenB and CelZ revealed percentage identity values of 5 5 3 %, 47.7 YO and 65.4% respectively (Fig. 4) . As one might predict, conservation of sequence between the four enzymes was 100 % in the region of the histidine residue (His-448 in CelI) which has been shown to be present in the catalytic centre of CelD and, by inference, other family E endoglucanases (Tomrne et al., 1991).
Homology observed between CelI and the catalytic domains of CenB, CelF and CelZ failed to extend beyond the first 574 residues of CelI, suggesting that the catalytic region of the enzyme is located within the N-terminal 65% of the polypeptide. Our observation that over 300 residues may be removed from the C-terminus of CelI without impairing catalytic function would appear to support this view. This raises the question as to the role of the apparently redundant C-terminal region. In CelE, from the same organism, a cellulose-binding domain, distinct from the catalytic domain, is located in the Cterminal half (Durrant et al., 1991), but functions have yet to be assigned to the extended non-catalytic sequences in other enzymes from C . therrnocellum, notably XynZ and CelH. However, it is worthy of note that the 150 residues proximal to the C is not surprising that recombinant Cell exhibited considerable activity against barley P-glucan, being over 100 times more active against this substrate than against CMC ( Table 2 ). Significant activity was recorded with lichenan as substrate, but activity against laminarin, xylan, crystalline or acid-swollen cellulose and the chromogenic substrates p-nitrophenyl glucoside and pnitrophenyl cellobioside was very low.
Production of Cell by E. coli and C . therrnocellum
CelI produced by E. coli JM83 harbouring full-length cell was shown by Western analysis to vary in size from 102 kDa to 60 kDa, indicating that, in common with other cellulases expressed in E. coli from cloned genes, CelI is subject to proteolytic processing (Fig. 5) . The size of the largest form produced (102 kDa) agrees well with the size of CelI deduced from the translated gene sequence.
To determine whether the celZ gene is normally expressed by C. thermocellum, total extracellular cellulase from a culture of strain NCIB 10682 and the cellulosome fractions from cultures of strains NCIB 10682 and YS were analysed by Western blotting, using antiserum prepared against purified recombinant CelI (Fig. 5) . Major immunoreactive bands with Mr values of 86000 and 240 000 were detected in the ethanol-precipitated proteins from cell-free culture supernatant of strain NCIB 10682. Proteins of similar size which cross-reacted with anti-CelI antiserum were also evident in the cellulosome fraction. The same results were obtained for cellulosomes prepared by two different procedures. A similar experiment conducted with cellulosomes purified from a culture of C. thermocellum strain YS revealed cross-reacting bands of 88 kDa and about 215 kDa (Fig. 5) .
Identity of the protein encoded by ORFl
A search of protein sequence databases revealed that the polypeptide encoded by ORFl exhibited 53 % similarity and 30 % identity overall with the tar gene product from E. coli; similarity was most apparent in the C-terminal halves of the respective sequences (Fig. 6) and exhibit homology primarily in their C-terminal sequences, which contain the methylation sites involved in sensory adaptation. Based on this comparison of primary sequences, it is possible that the polypeptide encoded by ORFl is a sensory transducer protein, similar in structure to the product of the E. coli tar gene. The likely functions of such a protein are to bind attractants or detect changes in the extracellular concentration of soluble sugars. Further work is required to establish if the putative polypeptide encoded by ORFl is expressed by C. thermocellum, and whether there is any functional involvement with the cellulase system.
Discussion
Nucleotide sequencing has shown that a fragment of C . thermocellum genomic DNA, previously cloned in E. coli and shown to direct the synthesis of endoglucanase activity, contains two ORFs. Bal3 1 deletion studies and comparison of the N-terminal sequence of the purified recombinant endoglucanase with the translated sequences derived for each of the ORFs confirmed that ORF2 encoded the endoglucanase, CelI. Sequence alignments indicated that CelI is highly homologous with CelF from C. thermocellum and with cellulases from Cellulomonasjimi (CenB) and Clostridium stercorarium (CelZ), and is a member of cellulase subfamily E, ; endoglucanases from Persea americana and Dictyostelium discoideum are also included in this family, suggesting that at some stage during cellulase evolution, gene transfer between prokaryotes and eukaryotes may have occurred. Based on deletion analysis and sequence comparisons, the catalytic domain of CelI is analogous in size to that of other family E endoglucanases, and is located within the first 550 N-terminal amino acids. The remainder of the polypeptide is not required for catalytic activity and, at its C-terminus, contains a putative cellulose-binding domain. CelI, like CelC from C. thermocellum, lacks the 24 amino acid repeated sequence which has been found in xylanase Z and in each of the other C . thermocellum endo glucanases sequenced to date. Also, a1 t hough the primary structure of CelI bears little resemblance to that of CelC, the substrate specificity of CelI is markedly similar to that of CelC, in that barley P-glucan was the preferred substrate and relatively little activity was seen against other cellulosic substrates.
Western analysis carried out using antiserum raised against purified recombinant CelI revealed that the celZ gene is expressed by two different strains of C. thermocellum and that the product, CelI, is either homologous to cellulosome proteins or is itself a component of the high-M, cellulase complex. Total extracellular proteins and cellulosomes from strain NCIB 10682 both contained proteins of 86 kDa and 240 kDa which were immunoreactive with anti-CelI antiserum. In cellulosomes from strain YS, cross-reacting proteins were 88 kDa and 215 kDa in size. These results suggest that CelI synthesized by C. thermocellum is subject to proteolytic processing. Alternatively, one might argue that, in view of the homology between CelI and CelF (an endoglucanase of 82 kDa), cross-reaction between antiCelI antiserum and CelF could account for at least one of the immunoreactive bands visible in Fig. 5 .
In conclusion, our results suggest that CelI is a component of the C. thermocellum cellulosome even though it lacks the repeated sequence which has been proposed to mediate the binding of xylanase Z and the majority of endoglucanases to the large non-catalytic subunit during cellulosome assembly. However, methods used for purifying cellulosomes depend upon their affinity for cellulose, and the presence of a putative cellulose-binding domain at the C-terminus of CelI may explain why the native enzyme copurifies with cellulosomes.
